The specific activities of phosphomannose isomerase (PMI), phosphomannomutase (PMM), GDP-mannose pyrophosphorylase (GMP), and GDP-mannose dehydrogenase (GMD) were compared in a mucoid cystic fibrosis isolate of Pseudomonas aeruginosa and in two spontaneous nonmucoid revertants. In both revertants some or all of the alginate biosynthetic enzymes we examIned appeared to be repressed, that the loss of the mucoid phenotype may be a result of decreased formation of sugar-nucleotide precursors. The introduction and overexpression of the cloned P. aeruginosa phosphomannose isomerase (pini) gene in both mucoid and nonmucoid straim led not only to the appearance of PMI levels in cell exht several times higher than those present in the wild-type mucoid strain, but also in higher PMM and GMP specific activities. In extracts of both strains, however, the specific activity of GMD did not change as a result ofpmi overexpression. In contrast, the introduction of the cloned Escherichia cofi manA (pmi) gene in P. aeruginosa caused an increase in only PMI and PMM activities, having no effect on the level of GMP. This suggests that an increase in PMI activity alone does not induce high GMP activity in P. aeruginosa. The heterologous overexpression of the P. aeruginosa pmi gene in the E. coil manA mutant CD1 led to the appearance in cell extracts of not only PMI
introduction and overexpression of the cloned P. aeruginosa phosphomannose isomerase (pini) gene in both mucoid and nonmucoid straim led not only to the appearance of PMI levels in cell exht several times higher than those present in the wild-type mucoid strain, but also in higher PMM and GMP specific activities. In extracts of both strains, however, the specific activity of GMD did not change as a result ofpmi overexpression. In contrast, the introduction of the cloned Escherichia cofi manA (pmi) gene in P. aeruginosa caused an increase in only PMI and PMM activities, having no effect on the level of GMP. This suggests that an increase in PMI activity alone does not induce high GMP activity in P. aeruginosa. The heterologous overexpression of the P. aeruginosa pmi gene in the E. coil manA mutant CD1 led to the appearance in cell extracts of not only PMI activity but also GMP activity, both of which are normally undetectable in extracts of CD1. We discuss the implications of these results and propose a mechanism by which overexpression of the P. aeruginosa pmi gene can cause an elevation in both PMM and GMP activities.
Commercial alginates have traditionally been isolated from brown seaweeds, but an exopolysaccharide resembling alginate is also produced by Azotobacter vinelandii (16) and mucoid strains of Pseudomonas aeruginosa (14) . Alginates are linear copolymers of 1-1,4-linked residues of Dmannuronic acid and its C-5 epimer, L-guluronic acid, and their arrangement as well as their relative amounts vary greatly in alginates from different sources. The exopolysaccharide produced by P. aeruginosa, for example, contains mainly polymannuronic acid block structures and is highly acetylated (13, 14, 37) . The epimerization of mannuronic acid units to guluronic acid is believed to occur in bacteria at the polymer level (32, 33, 38) . Furthermore, the 0-acetylation of some of the mannuronic acid residues was suggested to render them resistant to epimerization (10) .
The biosynthesis of alginate has been studied in the alga Fucus gardneri (25, 26) and in A. vinelandii (33) . The results of these studies demonstrated considerable similarity in the pathway leading to the synthesis of GDP-mannuronic acid in each organism. In the pathway for alginate biosynthesis (Fig.  1A) , the glycolytic intermediate fructose 6 -phosphate is first converted to mannose 6-phosphate by the action of phosphomannose isomerase (PMI). Mannose 1-phosphate is then formed by the action of phosphomannomutase (PMM) and further esterified with GTP by GDP-mannose pyrophos-phorylase (GMP). Polymannuronic acid is then synthesized by the action of GDP-mannose dehydrogenase (GMD) and alginate polymerase. A similar biosynthetic pathway has been proposed to operate in mucoid P. aeruginosa (32, 35) .
Although P. aeruginosa, an opportunistic pathogen, in general does not produce alginate, mucoid variants which produce copious quantities of extracellular alginate have been isolated from cystic fibrosis (CF) patients (12) . Prolonged antibiotic therapy has been suggested as a causative factor in the emergence of mucoid P. aeruginosa in the CF lung (22) . The mucoid variants are, however, unstable with respect to alginate synthesis and rapidly become nonmucoid when cultured in vitro on artificial medium (17, 18, 28) . Such a loss in alginate-producing ability has also been reported for A. vinelandii (20) .
In the course of studying the genetics of alginate biosynthesis by P. aeruginosa, a 2.0-kilobase (kb) BamHI-SstI cloned fragment carrying the P. aeruginosa pmi gene (also designated algA) was mapped at 45 min on the PAO chromosome and shown to be part of a clustered set of genes involved in alginate biosynthesis (8, 9) . This 'fragment has been subcloned into the broad-host-range expression vector pMMB24 under the tac promoter, and the PMI has been overproduced by induction with isopropyl-p-D-thiogalactopyranoside (IPTG) (9, 15) . The 56-kilodalton (kDa) polypeptide seen in maxicell labeling experiments was consistent with a single major open reading frame in the pmi DNA sequence (7) . A segment of the clustered alginate region located distal to the pmi gene had recently been shown to harbor the GMD gene (gmd, also designated algD) (Fig. 1B) Enzyme assays. Activities of PMI, PMM, GMP, and GMD were assayed in crude extracts by recording increases in optical density at 340 nm (due to the reduction of NAD or NADP) at 24°C in a Gilford model 2600 spectrophotometermultiple sample absorbance recorder. Enzyme activities were calculated from the initial linear rates of cofactor reduction after subtraction of endogenous activities (which were measured in assays without substrate). Control assays lacking only the extracts were also carried out.
The protein concentration of extracts was estimated by the method of Bradford (3) 0.7d a A 25-ml overnight culture was used to inoculate 500 ml of fresh L broth.
Cultures were grown at 37'C for the indicated times before harvesting.
b +, Barely detectable activity (about 0.5 mU/mg). c ND, Not detected.
d P. aeruginosa possesses an NAD-linked alcohol dehydrogenase that is slightly reactive with GDP-mannose, but catalyzes the formation of a product other than GDP-mannuronic acid (35) . Thus, the low GMD activity observed, based on measurement of NAD reduction, may be nonspecific activity.
ml/min, and 4-ml fractions were collected. Fractions were maintained on ice prior to assay. Biochemicals. Disodium carbenicillin was obtained from Roerig (Pfizer, Inc., New York, N.Y.). Ampicillin (sodium salt) and tetracycline (hydrochloride) were obtained from Sigma Chemical Co., St. Louis, Mo. IPTG, DTT, PMSF, phosphorylated sugars, nucleotides, sugar nucleotides, NAD, NADP, BSA, and all enzymes used in coupling reactions were also from Sigma. MOPS was obtained from Research Organics, Cleveland, Ohio, and the protein assay reagent was from Bio-Rad Laboratories, Richmond, Calif. Pseudomonas isolation agar, peptone, and yeast extract were supplied by Difco Laboratories, Detroit, Mich. All other chemicals and reagents were purchased from commercial sources and were standard reagent grade or better.
RESULTS
Comparison of the activities of al te biosynthetic enzymes in mucoid and nonmucoid P. aeruginosa. The normally low or undetectable activity levels of enzymes involved in alginate biosynthesis previously reported for P. aeruginosa (2) prompted us to develop assay conditions (described in Materials and Methods) that allowed detection of such low activity, allowing reliable comparisons to be made between enzyme levels of mucoid and nonmucoid strains. Under these conditions, activities of PMI, PMM, GMP, and GMD were detected in mucoid and nonmucoid P. aeruginosa strain 8821, 8822, and 8823 (Table 2) . While the activity levels were still relatively low (note PMI and PMM levels in E. coli and P. aeruginosa, Table 3 ), especially in the nonmucoid strains, they were of the same order of magnitude as those reported for A. vinelandii (19, 20, 33) and for GMD from P. aeruginosa (35) and were reproducible. The successful detection of PMI, PMM, GMP, and GMD in P. aeruginosa reported here coupled with the genetic characterization of the algA and algD genes (7, 11) further support the hypothesis that the alginate biosynthetic pathway in P. aeruginosa is indeed similar to the proposed pathway for A. vinelandii (33), F. gardneri (25, 26) , and other strains of P. aeruginosa (32, 35) .
The phase of growth in which cells were harvested was an important factor in detecting enzymatic activities. If the mucoid strain 8821 was harvested in the late exponential phase of growth (7 h of growth), PMM, GMP, and GMD activities were detected, but PMI activity was very low or undetectable (Table 2) . In contrast, when strain 8821 cells were harvested in the stationary phase of growth (9 h of growth), the activities of PMM and GMD were elevated substantially, and PMI activity was easily detectable. These results are consistent with the findings of Pugashetti et al. (35) , that GMD activity in P. aeruginosa follows the growth curve, and the findings of Horan et al. (19) , that PMI, GMP, and GMD activities in A. vinelandii are undetectable in exponentially growing cells but reach maximum levels in stationary-phase cells. It should be noted that the nonmucoid strains 8822 and 8823 exhibited a faster growth rate than the mucoid strain 8821 (data not shown). Thus, for direct comparison of enzyme activities (Table 2) , the nonmucoid and mucoid strains were grown for 7 and 9 h, respectively, so that all cells were harvested in the early stationary phase of growth.
Effect of overexpression of the P. aeruginosa pmi gene on specific activities of alginate biosynthetic enzymes. The introduction of plasmid pAD4038, which harbors the P. aeruginosa pmi gene as a 2.0-kb BamHI-SstI fragment (7), into both mucoid and nonmucoid P. aeruginosa strains and subsequent overexpression of the pmi gene by IPTG induction of the tac promoter resulted in the appearance in cell extracts of high PMI specific activities (15) . This 2.0-kb segment has been completely sequenced and contains a single open reading frame corresponding to a 53-kDa polypeptide (7). When overproduced under the tac promoter, the high PMI specific activity correlated very well with the increasing intensity of a 56-kDa polypeptide band on a sodium dodecyl sulfate (SDS)-polyacrylamide gel (15) .
We found that induction of the pmi gene not only promoted high PMI activity, but also resulted in the simultaneous appearance of PMM and GMP activities that were several times higher than those present in strain 8821 or 8822 without plasmids or harboring pAD4038 without IPTG induction (Table 3 ). In contrast, in extracts of 8821 or 8822 (even after IPTG induction of pAD4038), the specific activity of GMD was similar to that observed in mucoid and nonmucoid strains harboring the expression vector pMMB24. Introduction of the cloned E. coli pmi gene (pAD3) (7) into P. aeruginosa 8821 and 8822 resulted in PMI activities that were about one-half of those attained following IPTG induction of pAD4038 in the same cells (Table 3) . However, in contrast to pAD4038 (induced), which promoted high levels of PMM and GMP in addition to PMI, pAD3 promoted elevated levels of PMM (but not GMP) in addition to PMI.
Effect of overexpressing the P. aeruginosa pmi gene on PMI and GMP levels in E. col. We could not detect GMP activity in cell extracts of the non-colanic acid-producing E. coli strain AC80 by the same spectrophotometric method used to assay this activity in mucoid P. aeruginosa. It should be noted that our assay method was not suitable for detecting low GMP activity in crude extracts of E. coli because of relatively high background rates without added substrate. However, after introduction and IPTG induction of pAD4038 in E. coli, we observed a high level of GMP activity ( Table 3 ) that could easily be quantitated by subtracting background rates and presumably resulted only from expression of the P. aeruginosa pmi gene in E. coli. In contrast, the overexpression of the E. coli pmi gene (pAD451) in E. coli had no effect on the level of GMP (Table  3) . Because of high endogenous activity of PMI and PMM in E. coli (Table 3) , it was not possible to determine whether any additional PMI and PMM activity was being expressed in E. coli specifically from the induction of the P. aeruginosa pmi gene in pAD4038. Therefore, plasmid pAD4038 was introduced into the E. coli pmi mutant CD1 and overexpressed by IPTG induction. Crude extracts of CD1 alone or CD1 containing the expression vector pMMB24 contained no measurable PMI or GMP activity. However, after the introduction and induction of pAD4038 in CD1, crude extracts possessed high PMI and GMP levels ( Table 3) .
Fractionation of PMI, PMM, and GMP activities present in cell extracts. To investigate whether the high GMP and PMM activities present in extracts of P. aeruginosa overexpressing the pmi gene corresponded to different proteins or to a single multifunctional protein, HPLC fractionation of a crude extract of the nonmucoid strain 8822 harboring pAD4038 and induced with IPTG was carried out as described in Materials and Methods. Figure 2A shows the chromatographic profile obtained for P. aeruginosa carrying pAD4038 and induced with IPTG. The PMI and GMP activities eluted together in the same fractions in the 0 to 0.6 M NaCl gradient, while PMM eluted earlier in the gradient, separate from the other two activities. This result suggested that the gene product of the 2.0-kb BamHI-SstI fragment of pAD4038 may be a protein with at least two enzymatic activities. To test this possibility further, pAD4038 was induced with IPTG in E. coli AC80, and a crude extract was fractionated in the same manner as the P. aeruginosa extract. As a control, E. coli AC80 harboring only the expression vector pMMB24 was also examined. Figure 2B shows the elution profile for PMI and PMM from E. coli AC80 containing pMMB24. No GMP activity was detected in this strain. An identical HPLC fractionation of the E. coli crude extract obtained from pAD4038-harboring cells (induced with IPTG) demonstrated that, besides the PMI and PMM of E. coli, an additional peak of PMI activity also possessing GMP activity appeared in the same fractions in which it eluted when the P. aeruginosa pmi gene was (Fig. 2c . In extracts of E. coli harboring pAD4038 (induced with IPTG), no additional peak of PMM activity was found. If the P. aeruginosa pmi gene does in fact encode a bifunctional PMI-GMP, a proportional increase in the two activities following induction of pAD4038 would be expected. However, after induction of pAD4038 (in P. aeruginosa), PMI activity increased 100-fold but GMP activity increased only 7-fold (Table 3) . A considerable amount of additional data obtained with these and other strains of P.
aeruginosa show that unlike PMI activity, which consistently underwent a ca. 100-fold increase in response to induction of pAD4038, the level of GMP activity varied in different crude preparations of induced cells (unpublished observations). However, following initial fractionation of crude extracts, both the level of GMP and the GMP-PMI ratio were consistent with a proportional induction of both activities. For example, the GMP-PMI ratio in uninduced , and GMP (U; also plotted on an increased scale) from E. coli AC80 harboring pAD4038 and induced with IPTG. Open symbols, Activity peaks endogenous to E. coli; solid symbols, activity peaks of P. aeruginosa origin, being a result of the P. aeruginosa pmi gene carried on pAD4038. cells was about 7 (Table 3) . After induction, the PMI activity increased about 100-fold, while GMP activity apparently only increased 7-fold. However, after fractionation of crude extracts ( Fig. 2A and C) , the GMP-PMI ratio was 6 to 10. This GMP-PMI ratio was maintained throughout subsequent purification steps, which also failed to separate the two activities (A. Berry, unpublished data). Thus, the apparent disproportional increase in PMI and GMP activities in response to induction of pAD4038 appears to be a result of some component in crude cell-free preparations that affects GMP activity. This component is apparently removed during the initial purification step.
DISCUSSION
The four alginate biosynthetic enzymes PMI, PMM, GMP, and GMD reported to be present in extracts of alginateproducing strains of A. vinelandii (33) and F. gardneri (25, 26) were detected and quantitated in the mucoid P. aeruginosa strain 8821. We previously described the cloning and nucleotide sequence determination of two genes from P. aeruginosa, algA and algD (encoding PMI and GMD, respectively), and their involvement in alginate synthesis (7, 11) . Together, these results support the contention that a similar alginate biosynthetic pathway operates in P. aeruginosa, A. vinelandii, and F. gardneri.
In A. vinelandii the loss of the mucoid phenotype has been reported to be accompanied by undetectable levels of PMI, GMP, and GMD, which were all present in extracts of the alginate-producing wild type (20) . A similar pattern was also reported for the enzymes involved in the biosynthesis of the exopolysaccharide colanic acid by E. coli K-12 (23, 24, 27) . Other observations, however, indicate that the loss of the ability to produce different exopolysaccharides cannot always be associated with a decrease in the specific activity of the enzymes involved in the formation of its nucleotidesugar precursors. For example, several mutants of Klebsiella aerogenes which had lost the ability to produce an exopolysaccharide after mutagenesis contained wild-type levels of the biosynthetic enzymes involved in the formation of precursors (31) . It has been further demonstrated that in P. aeruginosa, the level of alginate precursors does not necessarily reflect the amount of polysaccharide produced, which is dependent on the medium composition, environmental factors, and rate and stage of growth (40) . While the differences in enzyme levels we observed in mucoid and nonmucoid strains were small (Table 2) , they were nevertheless reproducible, and in addition were comparable to the difference in enzyme levels reported previously for mucoid and nonmucoid A. vinelandii (19, 20) and P. aeruginosa (35) . Thus, our results indicate that, at least for the few nonmucoid strains we examined, the spontaneous reversion phenomenon may be due to the repression or loss of activation (or both) of the synthesis of the key alginate biosynthetic enzymes. Our results also suggest the possibility that different levels of repression or activation exist (e.g., compare enzyme levels in the two nonmucoid strains 8822 and 8823). Mutations in two different regulatory genes (capR and capS) were reported to cause increased synthesis of the capsular polysaccharide colanic acid in E. coli, but some of the enzymes involved in the polysaccharide biosynthesis which were derepressed in capR mucoid strains were found not to be derepressed in the capS mucoid strains (23) . In the future, additional attention will have to be focused on the role that the enzymes involved in polysaccharide polymerization and excretion play in the spontaneous reversion phenomenon.
After IPTG induction of P. aeruginosa strains harboring pAD4038, PMI, PMM, and GMP were simultaneously overproduced, initially suggesting to us that the increased activity of PMI was inducing the next two enzymes in the alginate biosynthetic pathway. However, the increase in PMI activity alone could not explain the higher values of GMP, because the introduction and expression of the cloned E. coli pmi gene (pAD3) in P. aeruginosa had no effect on the GMP activity ( Table 3 ). The heterologous overexpression of the P. aeruginosa pmi gene from pAD4038 in the E. coli pmi (manA) mutant CD1 led to the appearance of high levels of PMI and GMP, activities which were both undetectable in this mutant in the absence of pAD4038. Because of the large PMM activity already present in extracts of E. coli, it was not possible to determine whether any additional PMM activity was present as the result of the induction of pAD4038. However, this possibility is unlikely since (i) fractionation studies (Fig. 2) revealed that PMM is clearly a separate gene product from PMI-GMP in P. aeruginosa and (ii) high PMI levels alone (caused by overexpression of the P. aeruginosa pmi gene) in E. coli would not cause overproduction of PMM, since hyperproduction of the E. coli PMI (from pAD451) in E. coli did not lead to elevated levels of PMM (Table 3 ). The latter finding suggests that the mechanism by which overproduction of PMI causes elevation of PMM in P. aeruginosa does not exist in E. coli. Since PMM in P. aeruginosa was elevated in response to overexpression of either the P. aeruginosa or the E. coli pmi gene, the most likely explanation is that the product of the PMI reaction, mannose 6-phosphate, induces PMM in P. aeruginosa. This situation would be similar to the induction of tryptophan synthase by indoleglycerol 3-phosphate in P. aeruginosa and Pseudomonas putida (5) .
At present we are left with a few possibilities concerning the function of the P. aeruginosa pmi gene. One hypothesis is that the product of the pmi gene induces GMP activity in both P. aeruginosa and E. coli by increasing the levels of intermediates of alginate synthesis. This possibility is unlikely, however, since the presence of the E. colipmi gene in P. aeruginosa did not cause an elevation in GMP activity (Table 3) . Likewise, the overproduction of the E. coli PMI (pAD451) in E. coli did not cause an elevation in GMP activity. Another hypothesis is that the P. aeruginosa pmi gene codes for a single protein with two separate enzymatic activities, namely PMI and GMP. The possibility that the 2.0-kb BamHI-SstI fragment which harbors the P. aeruginosa pmi gene also contains a second gene specifying GMP activity is untenable for the following reasons. It has previously been shown that the 2.0-kb fragment contains a 1,440-base-pair (bp) open reading frame in the orientation from BamHI toward SstI, initiating 40 bp from the BamHI site and terminating at bp 1480 (7). In addition, no alternative significant open reading frames were found on either DNA strand. E. coli maxicell studies also indicate the presence of a single polypeptide on the SDS-polyacrylamide gels (7) . Furthermore, subcloning of sequences 3' of the pmi gene has revealed no effect on GMP levels when the various constructs were introduced into either 8821 or 8822 (I. SaCorreia and A. Darzins, unpublished results). In light of these results, it is unlikely that a separate gene encoding GMP is also present within the 2.0-kb fragment.
Results of fractionation of the alginate biosynthetic enzymes present in cell extracts of P. aeruginosa and E. coli, both harboring pAD4038 and induced with IPTG (Fig. 2) , are consistent with the possibility that the P. aeruginosa pmi gene encodes a bifunctional protein. PMI and GMP activities present in extracts prepared from P. aeruginosa harboring pAD4038 and induced with IPTG eluted in exactly the same fractions. Furthermore, fractionation of crude extracts of E. coli overexpressing pAD4038 revealed that the peak of E. coli PMI activity was followed by another PMI activity peak also possessing GMP activity that eluted in the same position as the P. aeruginosa PMI-GMP activity peak. This additional PMI-GMP activity was not detected in extracts prepared from E. coli harboring only the expression vector pMMB24 (i.e., lacking the inserted P. aeruginosa pmi gene). Work is presently under way to purify what could possibly be a bifunctional protein.
Many of the bi-and multifunctional enzymes that have been identified (see reference 36 for an overview) catalyze contiguous reactions in a given pathway. The best examples of such enzymes are those of the tryptophan pathway (5, 41) . Fewer examples of bifunctional enzymes that catalyze noncontiguous reactions are known, the two best studied being the aspartokinase-homoserine dehydrogenase of E. coli (4) and the 3-deoxy-D-arabino-heptulosonate 7- phosphate synthase-chorismate mutase of Bacillus subtilis (21) . If the PMI-GMP reported here proves to be a single polypeptide, it will represent yet another example of a bifunctional enzyme catalyzing noncontiguous reactions. It is tempting to speculate that PMM is associated with PMI-GMP in a protein-protein interaction in P. aeruginosa, especially since PA4M levels increase in response to elevated PMI levels. This would indeed provide an efficient means for channeling the initial substrate of alginate synthesis, fructose 6-phosphate, to GDP-mannose, tbus avoiding loss of diffusible intermediates to competing reactions. Examination of this possibility awaits the acquisition of purified PMI-GMP and PMM.
